Abstract On-line ultrasound-assisted dispersive micro-solidphase extraction (USA-DμSPE) has been developed for preconcentration and separation of trace amounts of Cd(II) ions in 0.5 mL of human biological samples. In a syringe with a nylon membrane, new synthetic bulky amino bimodal mesoporous silica nanoparticles (NH 2 -UVM 7 ) were dispersed as a nanoadsorbent in 5 mL of diluted serum sample (1:10), and after ultrasonic shaking, the liquid phase was separated from the solid phase. At the optimized pH, the chemical and physical adsorption of cadmium ions occurred, respectively, based on complexation with amine groups of UVM 7 (Cd:NH 2 -UVM 7 ) and silica nanoparticles. The analyte was then backextracted from the sorbent with nitric acid solution (0.2 M), and its concentration was determined by electrothermal atomic absorption spectrometry (ETAAS). Under the optimized conditions, the linear range, limit of detection (LOD), and preconcentration factor (PF) were obtained as 0.01-0.56 μg L , and 25, respectively. The adsorption capacity of NH 2 -UVM 7 was found to be 108.6 mg g −1 of cadmium. The validation of the methodology was performed by the human standard reference material (HSRM).
Introduction
Contamination of the environment with heavy metals in waters is widely increasing due to their industrial applications. Although necessary precautions are being taken, pollutions from industries increase day by day with the development of modern technologies [1] . Heavy metals can easily enter the food chain through a number of pathways, and long-term exposure in a contaminated environment can cause progressive toxic effects due to gradual accumulation in living organisms over their life span [2, 3] . Moreover cadmium is a toxic element, present about in each ecosystem around the world. The biological half-life of this metal is in the range of 10-30 years, and its accumulation in the human body causes acute and chronic metabolic disorders, such as renal tubular dysfunction and osteomalacia [4] . Also, the American Conference of Governmental Industrial Hygienists has reported that the cadmium concentration in biological samples of females (0.331 μg L −1 in blood and 0.191 μg L −1 in urine) is slightly higher than that in males' samples (0.299 μg L −1 in blood and 0.179 μg L −1 in urine) [5] .
Many different techniques have been applied for the determination of trace amounts of heavy metals in environmental samples such as flame atomic absorption spectrometry (FAAS) [6] [7] [8] , graphite furnace atomic absorption spectrometry (GFAAS) [9] , inductively coupled plasma optical emission spectrometry (ICP-OES) [10] , and inductively coupled plasma-mass spectrometry (ICP-MS) [11] . Although ICP-OES or ICP-MS can provide great sensitivity and selectivity for metal ion determination, the high operation and maintenance cost limits their practical utility. Thus, a suitable sample preparation procedure is often necessary [12] . The most widely used techniques for the separation and preconcentration of cadmium are liquid-liquid extraction [13] , coprecipitation [14] , cloud point extraction [15] , single-drop micro-extraction [16] , dispersive liquid-liquid micro-extraction [17] , and solid-phase extraction [18] . Solid-phase extraction (SPE) is a popular sample preparation method for the preconcentration and separation of analytes from samples and has an important role in modern analytical chemistry [19] . The SPE method has some advantages such as high enrichment factor, high recovery, rapid phase separation, low cost, low consumption of organic solvents, and the ability of combination with different detection techniques in the form of an on-line or off-line mode [20] . Recently, μSPE as a miniaturizing format of SPE has been developed to reduce the consumption of a solvent, sorbent usage, and sample handling [21] . Sample cleanup and the extraction step are carried out simultaneously in μSPE, and so, it is suitable for extraction in complex matrices. Recently, dispersive μSPE (DμSPE) has been introduced to reduce the extraction time and avoid channeling and blocking of the cartridge or disk SPE. Nanoparticles of different absorbents can be applied in DμSPE to absorb a target analyte in various matrices. The DμSPE method was used to extract and enrich analytes in various samples such as pesticides, tetracyclines, organic UV filters, N-nitrosodimethyl-amine, polycyclic aromatic hydrocarbons, and various ions [22] [23] [24] [25] [26] . The choice of the sorbent is a key factor to achieve the appropriate selectivity, the quantitative recovery, and the high preconcentration factor in the SPE [27] . Recently, nanoparticles (NPs) have attracted researchers for the extraction and the analysis of organic pollutants and metal ions. Compared to the traditional micrometer-sized sorbents, NPs offer a significantly larger surface area and a shorter diffusion route causing the rapid extraction dynamics and high extraction capacity [28] .
In the present study, a ultrasound-assisted dispersive microsolid-phase extraction (USA-DμSPE) method based on nanostructured mesoporous silica (NH 2 -UVM 7 ) as a new adsorbent was used for the separation and preconcentration of C d ( I I ) . B y u s i n g o f N H 2 -U V M 7 , cleanup and preconcentration of Cd(II) occur simultaneously. The main purpose of the present research is developing a novel analytical method for the preconcentration of trace amounts of Cd(II) ions in human biological samples without applying any chelating agents and additional toxic solvents which is considered as an environmentally friendly method. This method has enough sensitivity and simplicity for the determination of cadmium in human serum, plasma, and urine samples by electrothermal atomic absorption spectrometry (ETAAS).
Experimental Reagent and Solution
All reagents were of analytical reagent grade unless stated otherwise. All solutions were prepared in double-distilled, deionized water. Nitric acid, hydrochloric acid, acetone, toluene, ethanol, polyoxyethylene octyl phenyl ether (TX-100), acetic acid, sodium hydroxide, and cadmium nitrate salt were purchased from Merck (Darmstadt, Germany). Cadmium(II) stock solution (1000 mg L −1 ) was prepared from appropriate amounts of nitrate salts in 1 % HNO 3 and further diluted daily prior to use. The materials used for UVM 7 and NH 2 -UVM 7 synthesizing such as tetraethyl ortho-silicate (TEOS), triethanolamine (TEAH 3 ), cetyltrimethyl ammonium bromide (CTAB), and triethoxysilyl propyl amine (C 9 H 23 NO 3 Si) were purchased from Sigma-Aldrich. Ultrapure water has been obtained from a Millipore continental water system (Bedford, USA).
Apparatus
Determination of cadmium was performed with a spectra GBC electrothermal atomic absorption spectrometer (Model, Plus 932, Australia) using a graphite furnace module (GF3000). A model M 744 Metrohm digital pH meter equipped with a combined glass-calomel electrode was used for the pH adjustments. All the blood samples were shaken by using Thermo Scientific LP Vortex Mixer at 250-300 rpm and centrifuged with Thermo Scientific StatSpin Express Centrifuge at 3500 rpm (Waltham, USA). An elemental analyzer (CHNS/O, PerkinElmer, 2400 Series II) was used for determination of the elemental composition of samples. A syringe filter (30 mm, PC 1,227,204) with a prefilter 1.0-μm glass fiber and a nylon membrane (NY, filter area 4.8 cm 2 ; pore size 0.1 μm) was prepared from GVS Maine Manufacturing (Nova-Tech, USA).
Characterization
X-ray diffraction (XRD) patterns were recorded on a Seifert TT 3000 diffractometer (Ahrensburg, Germany) using a nickel-filtered Cu-Kα radiation of wavelength 0.15405 nm. The textural properties of the sorbent such as surface area, pore volume, and pore size distribution were determined by nitrogen adsorption-desorption isotherms at −196°C using BELSORP-mini porosimeter (Bell Japan, Inc.). Prior to analysis, the samples were degassed under vacuum at 300°C for 4 h until a stable vacuum of 0.1 Pa was reached.
The specific surface areas and pore volume of the sorbents were calculated by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. Titration of amine-functionalized UVM 7 materials was carried out using 0.05 M ethanolic solution of hydrochloric acid using a METTLER TOLEDO G20 apparatus. A CHN elemental analyzer for the determination of nitrogen residues of the parent and amine-functionalized UVM 7 material was used.
Scanning electron microscopy (SEM; Phillips, PW3710, Netherlands) was used for surface image analysis of the sorbents. The morphology of the sorbents was examined by transmission electron microscopy (TEM; CM30, Philips, Netherlands).
Human Biological Sample Preparation
For human sampling, all glass tubes were washed with a HNO 3 solution (1 M) for at least 24 h and thoroughly rinsed many times with ultrapure water before use. As cadmium concentrations in human urine, serum, and plasma are very low, even minor contamination at any stage of sample collection, sample storage and handling, or analysis has the potential to affect the accuracy of the results. The human biological samples in cleaned glass tubes were maintained in a refrigerator at −20°C.
The serum sample is the liquid fraction of whole blood that is collected after the blood is allowed to clot. The clot of whole-blood samples is removed by centrifugation (3500 rpm, 7 min), and the resulting supernatant (serum plasma) is carefully removed using a Pasteur pipette. The low sample volume is an important factor in human biological samples; in the proposed method, only 0.5 mL of serum or plasma sample was used after diluting with DW up to 5 mL (1:10).
Synthesis of UVM 7 and NH 2 -UVM 7
The general procedure for synthesis of bimodal mesoporous silica (UVM-7) is the atrane route, in which the presence of the polyalcohol is the key to balancing the hydrolysis and condensation reaction rates. In a typical synthesis, TEOS was added to predetermine amounts of TEAH 3 . The solution was heated up to 140°C under vigorous stirring for 10 min to prepare silatrane complexes in TEAH3 medium. After cooling down to 90°C, CTAB was added to this solution. Then, water was added slowly to this solution under stirring until a white suspension was obtained. This suspension was kept for 4 h at room temperature. The solid was filtered, washed with sufficient amounts of water and acetone, and dried in an oven at 80°C overnight. Thermocalcination of the assynthesized UVM-7 was carried out under a flow of air up to 550°C for 6 h with a heating rate of 1°C min −1 to remove both the surfactant and TEAH 3 from the assynthesized UVM-7. The final molar composition of the reactants was 1.0 TEOS:3.5 TEAH3:0.25 CTAB:90 H 2 O. For the functionalization of calcined UVM-7 with amine groups, 1.2 g of C 9 H 23 NO 3 Si and 2 g of calcined UVM-7 were added to an appropriate amount of toluene and refluxed for 24 h at 80°C, followed by filtering and washing with proper amounts of ethanol and deionized water. The obtained bulky amine-functionalized UVM-7 was dried at 80°C overnight. The aggregation of silica particles in the sorbent was observed and the surface area (BET) was decreased a little, but bulky NH 2 -UVM 7 has appropriate pores for liquid flow rate and remained on the filter.
General Procedure
In this procedure, a syringe and a syringe filter (SF, 5 mL) with an NY membrane (100 nm) were used for the separation of liquid phase from solid phase. In a conventional syringe, the sorbent could be dispersed into the sample which is desirable to increase the contact surface and could be separated from the sample easily. In the proposed method based on USA-DμSPE, we used 5 mg of NH 2 -UVM 7 as a nanoadsorbent in 5 mL of
). After setting the pH of the solution on the optimal value, an ultrasonic water bath was applied for dispersion of the nanoadsorbent in about 1.2 min (25°C). After sonication in optimized pH, the liquid phase was easily separated from the sorbent with SF when it was pushed by a plunger. The sorbent was rinsed with DW to remove interference and non-absorbed analytes on the solid phase. Then,
) with sonication (20 s) was used for elution of analytes from the sorbent by pushing the plunger slowly. After back-extraction of the solution, 10 μL of the sample was injected to ETAAS by an auto-sampler.
For the determination and preconcentration of cadmium in plasma and serum samples, the proposed method was performed as follows: only 0.5 mL of human plasma or serum samples was diluted with DW (1:10) (v/v) and transferred into the 5-mL conventional syringe before the pH was adjusted to the value of 8. Then, 5 mg of NH 2 -UVM 7 was added into the syringe capsule and the end of the tubing was closed with its plunger. The syringe capsule was immersed in an ultrasonic water bath (80 s) at room temperature to disperse the NH 2 -UVM 7 in the plasma and serum sample solutions. After sonication, the solution was separated from the solid phase easily by pushing the plunger by the SF. After preconcentration and separation, the concentrations of Cd(II) ions were easily determined by ETAAS in the eluate.
Results and Discussion Elemental Analysis
Elemental analysis provides further evidence for the amount of amine functional groups grafted on the NH2-UVM 7 . The yield of functionalization can be calculated using elemental analysis results (ratio of nitrogen content of three amine-functionalized samples divided by the amount of nitrogen of three aminoorganosilanes used for functionalization). The results indicated that the amino-organosilanes were grafted on the silica wall of the corresponding sample. According to the results of CHN analyses, at least 97 % (wt) of aminosilane was grafted on the silica body. Furthermore, the percent of accessible amine groups on the surface of silica was obtained from acid titration using HCl solution (0.01 N). The results showed that up to 92 % of amine groups are easily accessible to react with acid.
XRD Analysis
NH 2 -UVM 7 exhibits three resolved diffraction peaks, which can be indexed as the (100), (110, 200), and (210), reflections associated with hexagonal symmetry, which are d 110 and d 200 and are overlapped with each other. However, these peaks are broad, which are characteristics of mesoporous materials synthesized via the atrane route. After the attachment of organic groups on the silica wall of UVM 7 , the three main diffraction peaks are completely clear which means that the functionalization procedure did not have any noticeable effect on the structural order of UVM 7 (Fig. 1) .
N 2 Physisorption
Textural properties of all synthesized samples were investigated by nitrogen physisorption. The corresponding isotherms of UVM 7 and NH 2 -UVM 7 samples display the two distinct regions at medium and at high relative pressure which can be attributed to the presence of a bimodal pore system. The first one was related to the presence of small mesopores (IUPAC calcification), and the second was related to large mesopores, respectively. These two distinct regions can be seen in both samples of UVM 7 and NH 2 -UVM 7 that confirm the UVM 7 bimodal pore system remained almost intact after the functionalization with triethoxysilyl propyl amine. The inflection at medium relative pressure corresponds to the UVM 7 and NH 2 -UVM 7 isotherms which is typical of mesoporous materials and suggests the presence of a well-ordered array of small mesopores in samples. This phenomenon is supported by the fully reversible capillary condensation/evaporation of nitrogen at this step. However, after functionalization of UVM 7 , the sharpness of this region was remarkably decreased. These two distinct regions can be seen in UVM 7 and NH 2 -UVM 7 samples which confirm that the UVM 7 bimodal pore system is maintained after the functionalization of UVM 7 with amine groups. The decreasing of pore volume and BET surface area of NH 2 -UVM 7 is due to the grafting of aminosilane to the surface of the silica wall. The unit cell parameter (a 0 ) and the average pore wall thickness (W t ) of the sorbents were calculated by the equations of a 0 = 2d 100 /√3 and W t = a 0 − (dp /1.05), respectively, where d p is the pore diameter of the adsorbent and d 100 is obtained from XRD diffractograms (Fig. 2 , Table 1 ) [29] .
SEM Imaging
SEM was performed to illustrate the particle size, morphology, and particle size distribution of the calcined UVM 7 and NH 2 -UVM 7 . In those images, the mesoporous silica particles were in a nanometer range and functionalization of UVM 7 led to a decrease of the surface area (Fig. 3) . SEM showed that the functionalization of UVM 7 led to a little agglomeration of silica nanoparticles.
Optimization of the Furnace Temperature Program
In the proposed method, ETAAS (GBC, Australia) with deuterium background correction was used for the determination of cadmium in human biological samples. The instrumental Fig. 1 Low-angle XRD patterns of calcined NH 2 -UVM 7 and UVM 7 parameters were adjusted according to the manufacturer's recommendations. Problems related to Cd determination in different compositions of samples by ETAAS may be associated with their ash point. Moreover, the proposed method had been used for the extraction of cadmium from biological samples and the probable presence of macromolecules in the final solution is necessary to optimize the furnace temperature program. Thus, in order to avoid the loss of the interested metal ions and to eliminate or relieve the background signal during the pyrolysis step, the time and temperature of the drying, pyrolysis, and atomization steps using magnesium nitrate [Mg(NO 3 ) 2 , 0.01 mg], as the chemical modifier, were optimized. The values of integrated absorbance were recorded to atomization temperatures. The effect of pyrolysis temperature on the absorbance of Cd was studied within a range of 300-1000°C. The maximum absorbance of Cd was achieved within a range of 700-800°C. Therefore, 750°C was selected as the optimal pyrolysis temperature for cadmium. The effect of atomization temperature on cadmium signal was studied within the range of 1500-2500°C, and the maximum signal was obtained at approximately 1900°C. Cleaning temperature was ordered at 2100°C for cadmium.
Optimization of the USA-DμSPE Conditions
Dispersive solid-phase extraction allows direct contact between the analytes/interferes with the sorbent to the homogeneous dispersion of the solid in the liquid matrix sample or its extract. This method proposed to increase the selectivity, and it can be used to increase the sensitivity by holding the target analytes on the NH 2 -UVM 7 adsorbent. This technique can be easily miniaturized by decreasing the sample volume (0.5 mL) and amount (5 mg) of the adsorbent. Meanwhile, in this work, effective parameters for quantitative adsorption of analytes on the surface of the solid phase such as pH of the sample, amount of adsorbent, concentration and volume of the eluting solution, and effect of sonication were investigated. 
Effect of pH
In this work, the influence of sample pH on the absorption of Cd(II) has been investigated by using different pH values from 2 to 12 for 0.2 μg L −1 of cadmium standard solution. The pH adjustments of samples were made using appropriate buffer solutions including sodium acetate and ammonium chloride. These buffer solutions were used for adjusting the pH in human biological samples and standard solution between 6 and 9. The complexation was strongly dependent on the pH of solutions and subsequently affected the extraction efficiency of the complex. The mechanism of cadmium extraction based on NH 2 -UVM 7 may have occurred chemically and physically, and it was highly dependent on the sample pH. At low pH (0-5), the recovery was lessened due to the competition between protons and analytes for occupying the active sites (M: NH 2 -NH 3 + ). At pH 6 to 9, the negative charge of the sorbent was responsible for the enhanced recovery of cadmium. However, at higher pH values (9) (10) (11) (12) , cadmium ions form precipitates with the hydroxyl group (HO-Cd-OH) and their retention is only physical and the recovery of the method is decreased. The result of the USA-DμSPE method indicated that the highest extraction efficiency for Cd(II) was achieved at pH = 8 (Fig. 4) .
Effect of Sample Volume
Sample volume is one of the most important parameters which must be studied. The effect of sample volume was examined in the range of 1-20 mL for 0.2 μg L −1 of Cd(II) by a 20-mL conventional syringe filter. Quantitative extraction was observed between 0.5 and 8 mL. At higher volumes, the recoveries were decreased. Therefore, a minimum of the human biological sample (0.5 mL) after dilution up to 5 mL was selected for further experiments by USA-DμSPE (Fig. 5) . As a consequence, the volume required to elute the adsorbed cadmium from NH 2 -UVM 7 depended on the strength of Cd(II) retention (physically and chemically) and amount of NH 2 -UVM 7 that was used by USA-DμSPE.
Effect of Amount of the Adsorbent
It was observed that the extraction efficiency of the system was remarkably affected by the NH 2 -UVM 7 amount, so it was examined within the range of 1-15 mg for 5 mL of samples. Quantitative extraction was observed at higher than 3.5 mg of the adsorbent. Therefore, in order to achieve a suitable preconcentration, 4 mg of NH 2 -UVM 7 was chosen as optimum leading to a final adsorbent. Based on the obtained results in spiked amounts of analytes in real samples and for decreasing of interferences in complex matrices or human biological matrices, 5 mg of NH 2 -UVM 7 was used to improve the extraction efficiency by USA-DμSPE. 
Effect of Concentration and Volume of the Eluent
The back-extraction of cadmium from NH 2 -UVM 7 based on mineral acidic solution was investigated. The functional group (NH 2 ) pasted on UVM 7 chemically extracted the cadmium ions from samples at optimized pH and the chemical bonding (:NH 2 -UVM 7 ) can be decomposed or dissociated by strong acids (3-10 M). Different organic and inorganic acid solutions (HCl, HNO 3 , H 2 SO 4 , and CH 3 COOH) were studied for cadmium back-extraction from the adsorbent (0.1-1 mol L −1 ). The results showed that nitric acid (0.2 M) quantitatively extracted Cd(II) ions from the solid phase. The influence of HNO 3 eluent volume on the recoveries of Cd(II) was studied in the range of 100-1000 μL. By increasing the volume of the eluting solvent, the enrichment factor was decreased and on the other hand, the eluting solvent volume should be proper to ETAAS. The results (Fig. 6 ) indicated that the minimum volume of the eluent which quantitatively desorbed the analytes from the adsorbent was 200 μL of HNO 3 (0.2 M). So, 200 μL of HNO 3 was chosen as the optimum eluent volume.
Effect of Sonication
The agitation of the sample during the extraction usually improves the extraction efficiency as it increases the contact between the sample and the sorbent; on the other hand, dispersion is one of the most important factors in USA-DμSPE performance. For this reason, the effect of type of agitation (shaker or ultrasound assisted) was evaluated. The results showed that ultrasound was propitious to the enhancement of extraction yields and the reduction of operating time. So, ultrasound was chosen as an agitation method for dispersing the NH 2 -UVM 7 in the sample solution and different times between 10 and 150 s were investigated. Results revealed 80 s of ultrasonic time was the optimum time for sonication in the USA-DμSPE process.
Effect of Matrix
Electrothermal atomic absorption spectrometry is a very specific technique with low sensitivity to interferences. The potential interference effects occurring in this procedure are mainly related to the extraction during the preconcentration Table 2 .
Analytical Performance
Under the optimized conditions, the analytical performance of the developed procedure was evaluated. The linear range was 0.01-0.56 μg L −1 for Cd(II), with a correlation coefficient (R 2 ) of 0.9996. The sensitivity of the developed method is reflected by m (slope), which is defined as 3S b /m (where m is the slope of the calibration curve and S b is the standard deviation of 10 replicate readings of the reagent blank). In order to determine the LOD values, the proposed method was applied to 10 blank solutions (5 mL) and was 0.002 μg L −1 .The limit of quantification (LOQ) value (10 times of the standard deviation of the blank signals) for cadmium was 0.01 μg L −1 . The precision, expressed as a relative standard deviation (RSD) for 10 replicate measurements (n = 10), was evaluated with model solutions (5 mL) containing 0.5 μg L −1 of cadmium ions under the optimum conditions, and the value obtained was 2.9 %.
Method Validation
The proposed method was applied to determine Cd(II) in human biological samples. The spiked samples were prepared to demonstrate the reliability of the method for the determination of Cd(II) in samples with a dilution factor (DF = 10). The remaining aliquots were spiked with increasing quantities of Cd(II) and then analyzed by the proposed method (Table 3 ). The recoveries of spiked biological samples were satisfactorily reasonable and were confirmed by using the additional method, which indicates the capability of the system in the determination of Cd(II) in 0.5 mL of urine, serum, and plasma samples. adsorbents in biological samples is summarized in Table 4 . As it can be seen, the proposed method using only a small amount of sample volume (0.5 mL) has a limit of detection and precision which are better or comparable to those of methods that are reported in literature.
Conclusions
In this study, a new novel adsorbent, NH 2 -UVM 7 , was successfully synthesized and the USA-DμSPE procedure was employed for the preconcentration and determination of cadmium ions. The method applied for the synthesis of NH 2 -UVM7 was very simple, and there was also no need to use gases such as nitrogen, methane, and hydrogen in the synthesis procedure. So, the employed method is economically effective, as well, which is also an important factor in the analytical methods. The proposed USA-DμSPE method provides a convenient, effective, low-cost, and sensitive method for the preconcentration/separation of Cd(II) ions from human biological samples. The method is practically more useful and easy than conventional column and batch techniques. Due to dispersion of the adsorbent in the aqueous phase, this method is much faster with only 0.5 mL of sample in comparison with solid-phase extraction which is a time-consuming column passing by more sample volume. Therefore, no centrifugation is need for phase separation. We believe that the proposed method will provide a useful tool for the screening and quantitative determination of other heavy metal ions in different environmental and biological samples. 
